We describe the natural history of 'Amish' nemaline myopathy (ANM), an infantile-onset, lethal disease linked to a pathogenic c.505G>T nonsense mutation of TNNT1, which encodes the slow fiber isoform of troponin T (TNNT1; a.k.a. TnT). The TNNT1 c.505G>T allele has a carrier frequency of 6.5% within Old Order Amish settlements of North America. We collected natural history data for 106 ANM patients born between 1923 and 2017. Over the last two decades, mean age of molecular diagnosis was 16 6 27 days. TNNT1 c.505G>T homozygotes were normal weight at birth but failed to thrive by age 9 months. Presenting neonatal signs were axial hypotonia, hip and shoulder stiffness, and tremors, followed by progressive muscle weakness, atrophy and contractures. Affected children developed thoracic rigidity, pectus carinatum and restrictive lung disease during infancy, and all succumbed to respiratory failure by 6 years of age (median survival 18 months, range 0.2-66 months). Muscle histology from two affected children showed marked fiber size variation owing to both Type 1 myofiber smallness (hypotrophy) and Type 2 fiber hypertrophy, with evidence of nemaline rods, myofibrillar disarray and vacuolar pathology in both fiber types. The truncated slow TNNT1 (TnT) fragment (p.Glu180Ter) was undetectable in ANM muscle, reflecting its rapid proteolysis and clearance from sarcoplasm. Similar functional and histological phenotypes were observed in other human cohorts and two transgenic murine models (Tnnt1 À/À and Tnnt1 c.505G>T). These findings have implications for emerging molecular therapies, including the suitably of TNNT1 gene replacement for newborns with ANM or other TNNT1-associated myopathies.
Introduction
with a phenotypic spectrum that includes variable and progressive muscle weakness, hypoventilation, dysphagia and speech impairment. Intellectual function is characteristically preserved (1, (5) (6) (7) (8) (9) (10) . Collectively, nemaline myopathies represent the most common class of non-dystrophic muscle disease in humans, affecting more than 1 per 50 000 newborns (8, 11, 12) .
The troponin complex (Table 1 ; Fig. 1 ) was first linked to nemaline myopathy in the Year 2000, when a pathogenic TNNT1 c.505G>T nonsense mutation was discovered among six children of common Amish descent who suffered from infantile-onset, lethal myopathy, distinguished by progressive pectus carinatum deformity, known colloquially as 'chicken breast disease' (13) . Five additional TNNT1 mutations have been associated with a similar recessive phenotype in non-Amish ethnic groups (Table 2 , Fig. 1 ) (9, (14) (15) (16) , and one TNNT1 variant (c.311A>T; p.Glu104Val) was recently linked to dominant myopathy among 10 subjects related across 4 generations (10) . Thus, TNNT1 myopathies are of increasing medical relevance; they can now be diagnosed in at least 29 laboratories worldwide and have been incorporated into 44 different next-generation sequencing panels (Genetic Testing Registry, March 2018; https:// www.ncbi.nlm.nih.gov/gtr/).
The troponin complex mediates calcium-sensitive interactions between actin and tropomyosin that govern striated muscle contraction. It is composed of tropomyosin binding (TNNT), calcium-sensing (TNNC) and regulatory (TNNI) subunits, each of which exists in muscle fiber-type-specific isoforms (Table 1 ; Fig. 1 ) (17) . TNNT1 encodes the TNNT1 subunit of fatigueresistant type 1 skeletal muscle fibers; its 756-789 nucleotide sequence is highly conserved among vertebrates and expression is restricted to Type 1, slow-twitch skeletal myofibers (18) . The TNNT1 c.505G>T 'founder' mutation in exon 11 causes 'Amish' nemaline myopathy (ANM) by converting a glutamic acid codon to a premature stop codon (p.Glu180Ter), which truncates the 83 C-terminal amino acids and abrogates TNNI, TNNC and tropomyosin binding (Table 2 ; Fig. 1 ) (7) . The resulting TNNT1 p.Glu180Ter fragment incorporates poorly into myofilaments and is instead rapidly degraded in sarcoplasm as slow fibers stiffen and degenerate (19, 20) .
At the Clinic for Special Children (CSC), we interrogate the genetic substructure of Anabaptist demes to provide a foundation for early diagnosis and disease prevention, and here lay the groundwork for intervention studies focused on asymptomatic newborns with ANM. To this end, we present a comprehensive natural history of TNNT1 myopathy within the Old Order Amish population, compare these data to other clinical cohorts (9, 10) , and describe transgenic animal models suitable for pre-clinical studies of gene replacement therapy (1, 21, 22) .
Results

Patients
We collected data about 106 children of Amish ancestry, born between 1923 and 2017, who died in early childhood from myopathic respiratory failure with pectus carinatum deformity ( Fig. 2A) . Probands derived from 54 families hailing from four different U.S. states: Pennsylvania (n ¼ 97), Maryland (n ¼ 5), New York (n ¼ 3) and Indiana (n ¼ 1). Only one child was living at the time of this manuscript preparation, and date of death was known for 87 (82%) of those deceased.
Diagnosis and population genetics
Molecular testing for TNNT1 c.505G>T began at CSC laboratory in 1998. For 34 (94%) of 36 affected children born during or after this year, we confirmed molecular diagnosis of ANM at16 6 27 days of life. Two patients born after 1998 did not have molecular testing but diagnosis could be confidently inferred from Old Order Amish ancestry, linkage to known carriers, and the characteristic phenotype; such was also the case for 70 affected individuals born before 1998. The survival curve in Figure 2 includes data from six ANM patients originally described by Johnston et al. (13) . To date, only the severe ANM phenotype has been associated with TNNT1 c.505G>T; cascade screening within this large Amish cohort as well as whole exome sequencing data from more than 1000 population-specific control samples have revealed no milder phenotypes associated with TNNT1 c.505G>T in heterozygous or homozygous state.
Natural history of ANM
Newborns with ANM were normal weight at birth (3.4 6 0.1 kg, range 3.2-3.6 kg) but 94% had somatic growth failure by age 9 months (Fig. 2B) . Delays in gross and adaptive motor function were evident during infancy. Eleven (61%) of the 18 affected children rolled supine to prone at an average of 7.6 6 1.1 months but all subsequently lost this skill. Only 2 (11%) sat independently, one of whom could stand with assistance for a brief interval. All children learned to grab objects and employ a pincer grasp but lost these abilities as muscle disease progressed. Receptive language and social development were characteristically preserved.
Presenting motor signs during the neonatal period included axial hypotonia, subtle stiffness of hip and shoulder girdles, and tremors of the limbs and chin accompanied by sustained clonus with provocation. Tremors subsided within a few months of life as proximal muscles began to develop contracture. By 12 months of age, hip abduction was limited to <10 in the majority of affected children (13) . Muscle atrophy and weakness progressed in lockstep with contractures, and all children developed a severe pectus carinatum deformity as the thorax became rigid ( Fig. 2A) . Electromyography performed in two children (ages 14 and 16 months) showed a mild-myopathic pattern with preserved nerve conduction velocity. Children with ANM suffered from recurrent upper and lower respiratory tract infections (e.g. pneumonia, bronchiolitis and acute otitis media). In all cases, treatment was palliative, delivered exclusively in the home setting and concentrated near the end of life. Only one family used nasogastric feeding and none elected to use invasive or non-invasive ventilatory support. Among 87 (82%) cases for which accurate dates were available, median survival was 18 months (range 0.2-66 months) and 76% of children succumbed to respiratory failure by age 2 years (Fig. 2C) . Only one child survived beyond 4 years of age. Over a period of a nearly a century, there was no correlation between date of birth and age of death (Fig. 2D) 
Histology of human TNNT1 myopathy
Fresh muscle biopsies were obtained in August 2017 from two ANM patients, ages 14 and 16 months (Fig. 3 ) and showed similar pathological findings consistent with severe nemaline rod myopathy. The first specimen (ANM-A; age 14 months, m. vastus lateralis) showed marked size variation between discrete subpopulations of small and hypertrophic fibers. The smallest myofibers were generally appropriate in shape, suggesting hypotrophy (insufficient growth) rather than atrophy, and included both Type 1 and Type 2 ATPase fibers. In contrast, hypertrophic fibers were exclusively Type 2 and predominated in the ANM-A specimen ($70% total fibers). We found no definitive evidence of myofiber degeneration, fiber type grouping or inflammation.
Distinctive morphological changes were most conspicuous in a minority of small fibers but were also present to a lesser extent among large fibers. These included (Fig. 3A) : (i) central nuclei; (ii) foamy, vacuolated cytoplasm; (iii) basophilic material within cytoplasm (H&E); (iv) granular cytoplasmic inclusions (i.e. nemaline rods); (iv) subsarcolemmal red material suspicious for mitochondrial aggregates (Gomori trichrome); and (v) inappropriately distributed organelles, including dense accumulations of mitochondria and ring-shaped areas, devoid of mitochondria, coincident with myofibrillar disarray (oxidative stains: NADH, SDH, COX). Some fibers displayed numerous darkly stained circular structures (possibly enlarged mitochondria); these were not the source of cytoplasmic vacuolation, nor did vacuoles overlap with prominent lipid droplets (oil red O stain, not shown) seen in rare fibers.
Ultrastructural examination showed nemaline rods colocalizing with myofibrillar disarray ( generally normal in morphology and number, and formed small aggregates in subsarcolemmal regions. Some fibers contained punctate accumulations of glycogen and mitochondria in the intermyofibrillar space that might correspond to vacuolated regions observed by light microscopy. In areas with appropriate myofibrillar organization, the sarcotubular apparatus appeared normal.
Using a combination of western blot and immunohistochemistry (Fig. 4) , we found that ANM muscle had absent TNNT1, decreased slow skeletal TNNI1 and increased cardiac TNNT2 (a.k.a. cardiac TnT) ( Fig. 4A and B ). There was a selective decrease of Type 1 slow fiber content (as indicated by reduced slow skeletal fiber myosin, MYH7; Fig. 4B and C) accompanied by a modest increase of fast skeletal fiber myosin type 2a (MYH2), such that the ratio of slow (Type 1) to fast (Type 2) fibers in ANM muscle was reduced 2-to 3-fold (Fig. 4B) .
The second muscle specimen (ANM-B; age 16 months, m. rectus femoris) was similar to the first, with a few notable exceptions: vacuolar pathology was more apparent, the degree of myofiber hypertrophy less striking, and there was a greater burden of nemaline rods. There was an approximately even distribution of Type 1 and 2 fibers in the ANM-B specimen, and again hypertrophic fibers were exclusively Type 2.
Murine Tnnt1 myopathy
Muscle of both Tnnt1
À/À and Tnnt1 c.505G>T homozygous mice resembled human ANM tissue (Fig. 5A) , showing the absence of TNNT1, marked atrophy/hypotrophy of small type 1 myofibers, apparently adaptive hypertrophy of fast type 2 fibers, and refractile (nemaline) rods (7, 17, 20) . As with human ANM, overt myonecrosis, fiber type grouping and inflammation were notably absent.
Muscle force generation and exercise recovery were impaired in Tnnt1 À/À and Tnnt1 c.505G>T homozygous mice.
Figure 5B depicts ex vivo functional measurement of whole soleus muscles during intermittent muscle fatigue contractions, which shows more rapid and severe loss of force in Tnnt1
when compared with wild-type muscle, as well as slower and less complete recovery from fatigue.
Discussion
Population genetics of ANM
Old Order Amish communities descended from a small group of Swiss-German Anabaptists and now comprise $320 000 individuals living in 502 demes throughout North America (23). Shaped by an 18th century population bottleneck and subsequent genetic drift (24), the TNNT1 c.505G>T carrier frequency among contemporary Amish settlements has equilibrated at a value of 6.5% (1 per 16 individuals), which is the highest observed among any ethnic group (Table 2 ) and corresponds to a disease incidence of 1 per 960 births. Prior to 1998, the year we started testing for TNNT1 c.505G>T at the CSC laboratory, the diagnosis of ANM was assigned to symptomatic infants based on their family history, clinical presentation, disease course and, in five cases, muscle pathology. Genetic testing for the ANM variant has since eliminated sis of the western blots normalized to protein inputs quantified in parallel SDS-gel confirmed that, relative to normal muscle control tissue (red dashed line), ANM muscles (gray shaded and solid bars) has a 2-to 3-fold lower ratio of slow to fast fibers and slow TNNI1 to fast TNNI2, as well as more abundant cardiac TNNT2, as sign of adaptive muscle regeneration. (C) Relative to human control muscle, TNNT1 c.505G>T homozygotes had decreased MYH7 (Type 1 myosin) whereas MHY2 (skeletal muscle myosin type 2a) was modestly increased and MHY1 (skeletal muscle myosin type 2b) drastically decreased. These are compared with protein expression in normal murine skeletal muscle. Values are presented as mean6SE. N ¼ 4-10 sections of ANM-A or ANM-B muscle. **P < 0.01 and ***P < 0.001 versus WT; # P < 0.05 and ### P < 0.001 versus ANM-A using Student's t test. ANM, Amish nemaline myopathy; c, cardiac isoform; fs, fast skeletal isoform; ss, slow skeletal isoform.
diagnostic uncertainty and the need for invasive testing but has not engendered better outcomes over the last century (Fig. 2D) .
Here we present a comprehensive overview of the ANM phenotype and, by drawing parallels to other human cohorts and transgenic murine models, conclude that TNNT1-linked myopathies are optimal targets for emerging adeno-associated viral (AAV)-based gene replacement strategies (21, 25) .
The TNNT1 myopathy disease spectrum
Conservative Anabaptists share core beliefs that influence their decisions about end-of-life care (26) . As a consequence, Amish parents uniformly rejected inpatient hospitalization, gastrostomy feeding and mechanical ventilation for their children with ANM. We thus observed the natural history of ANM undistorted by life-sustaining technologies. Under these conditions, muscle atrophy and proximal stiffness progressed rapidly over the first year of life and culminated in death between 0.2 and 66 months of age from a combination of respiratory muscle weakness and asphyxiating thoracic deformity. In 2016, Abdulhaq et al. described a similar phenotype among nine Palestinian children homozygous for a different TNNT1 variant (c.574_577delinsTAGTGCTGT) (9) . Affected individuals had transient neonatal jaw and limb tremors and, by 3-4 months of age, developed rapidly progressive proximal weakness, rigidity and limb contractures. Like Amish children with ANM, only 2 (22%) of 9 TNNT1 c.574_577delinsTAGTGCTGT sat independently. Unlike ANM patients, however, 7 (78%) Palestinian children were fed by gastrostomy and all started ventilatory support at a median age of 17 (range 12-54) months. Figure 2C shows the striking effect this had on survival; when dependence on mechanical ventilation is taken as a proxy for death, median 'ventilator-free' survival for TNNT1 c.574_577delinsTAGTGCTGT homozygotes decreases from 70 to 17 months, a value almost identical to that observed for ANM (Fig. 2C) .
Muscle tissue from 7 TNNT1 c.574_577delinsTAGTGCTGT homozygotes showed pathological elements similar to ANM, including Type 1 fiber smallness, Type 2 fiber hypertrophy and the presence of nemaline rods (Fig. 3) . These core structural characteristics were first described in a hypotonic infants as early as 1958 (3) and recognized as part of a distinctive congenital myopathy syndrome in 1963 (4). They have now been observed in a variety of muscle specimens from humans (2-4,7,10,13,27), dogs (28) , cats (29) (30) (31) , and two different transgenic murine models (Fig. 5) , and appear to be a signature feature of TNNT1-linked myopathies both within and between species.
Until recently, TNNT1 myopathy was considered as a severe autosomal recessive phenotype grouped with other major congenital myopathies (12) . However, in 2017 Konersman et al. described a later onset form of proximal myopathy segregating in a dominant fashion among 10 related individuals within a large multigeneration pedigree (10, 27, 32) . All affected patients were heterozygous for a TNNT1 c.311A>T variant that traced back four generations to a common ancestral Ashkenazi Jewish couple. Among affected individuals, proximal weakness was evident between 5 and 20 years of age and followed a slowly progressive course, later accompanied by variable signs such as slender habitus (67%), myopathic-elongated facies (67%), pectus carinatum (33%) and mild kyphoscoliosis (22%). Muscle biopsies showed characteristic fiber type disproportion and nemaline rods.
Although a mild elevation of serum creatine kinase (CK; 249 IU/L) was observed in one TNNT1 c.311A>T heterozygote, CK levels are generally normal in patients with both dominant and recessive forms of TNNT1 troponin myopathy. Electromyography tracings, reported both here and elsewhere (9,10), show a mildmyopathic pattern (n ¼ 6) or appear normal (n ¼ 3).
Pathophysiology of troponin myopathy
During muscle contraction, calcium-induced conformational changes of the troponin complex and tropomyosin allow crossbridges to form between F-actin and myosin, which in turn activates myosin ATPase to generate the power stroke and contractile force (20) . Troponin T-via its allosteric interactions with troponin C, troponin I and tropomyosin (Fig. 1) -is central to this process (17, 20) . Higher vertebrates have three troponin T isoforms corresponding to slow skeletal (TNNT1), fast skeletal (TNNT3) and cardiac (TNNT2) muscle fiber types (Table 1) (18) . Most human muscles contain a mix of slow and fast fibers and, accordingly, express both TNNT1 and TNNT3 in a pattern that aligns closely with fiber type distribution (19, 33) .
The nonsense mutation (TNNT1 c.505G>T) underlying ANM deletes 83 C-terminal amino acids of TNNT1, eliminates TNNC and TNNI binding sites, and greatly reduces the binding affinity for tropomyosin (Fig. 1A) (17, 19) . Interestingly, mutant TNNT1 c.505G>T mRNA is robustly translated in Escherichia coli and non-muscle eukaryotic cells to produce truncated TNNT1 p.Glu180Ter at high levels, whereas TNNT1 p.Glu180Ter is absent from ANM muscle despite intact transcription and mRNA processing of the mutant allele (20) . The absolute dependence of human muscle on TNNT1-expressing slow myofibers is reflected by the temporal course of ANM: the decay of muscle mass and power closely parallel the expected time course of mature TNNT1 expression in healthy muscle tissue (Fig. 1B) .
In ANM muscle, the absence of TNNT1 protein is accompanied by myofiber smallness affecting both the slow and fast fiber populations, but only Type 2 fast fibers are capable of undergoing compensatory hypertrophy. Consistent with the absence of clinical symptoms in TNNT1 c.505G>T heterozygotes, this observation indicates that muscle cells have a mechanism for rapid proteolysis of truncated TNNT1 p.Glu180Ter (20) . Slow troponin I (TNNI1; Fig. 4A ) and Type I myosin (MHY7; Fig. 4C ) are expressed in ANM muscle. This suggests preservation of viable Type 1 muscle fibers that could be fully restored by introducing wild-type TNNT1 into slow fiber sarcoplasm at an expression level sufficient to keep pace with stoichiometric demands of the contractile machinery.
Therapeutic frontier
The advent of effective myotropic gene vectors (21, 22) coincident with presymptomatic diagnostic strategies (34) has reframed the prospect for treating ANM and other TNNT1 myopathies. Among potential carriers and high-risk newborns, we use high-resolution melt analysis to expedite testing for TNNT1 c.505G>T within 1-2 days of life. As a consequence, most TNNT1 c.505G>T homozygotes have a confirmed molecular diagnosis prior to the onset of muscle weakness and rigidity, opening a critical window for disease-modifying and potentially lifesaving therapies.
Multiple pre-clinical studies underscore the potential to treat human myopathies with AAV vectors (21, (35) (36) (37) (38) (39) , which are small enough to penetrate muscle tissue and for some serotypes exhibit natural myotropism to achieve sustained centrosomal protein expression in post-mitotic myofibrils. In recent studies of murine and canine X-linked centronuclear (a.k.a. myotubular) myopathy (CNMX; MIM 310400), a single intravenous (i.v.) administration of AAV8 vector provided sustained sarcoplasmic expression of myotubularin, decisively prevented muscle degeneration and had minimal toxicity (21, 22) . Interim data from a Phase I/II study in four boys with CNMX show significant improvements in neuromuscular function, respiratory muscle strength and motor milestone acquisition (https://www. prnewswire.com/) after one i.v. dose of AAV8 vector. Features shared between ANM and CNMX indicate the potential for AAVbased treatment of TNNT1 myopathies (Table 3) , including the small size of the gene coding sequence, apparent viability of target muscle cells and the absence of disease-associated immune inflammation (e.g. as has been observed in a subgroup of patients with Duchenne muscular dystrophy) (40) .
Many genetic disorders are unsuitable for current gene therapy methods because of progressive tissue pathology secondary to the genetic deficiency, an inability to diagnose the condition prior to onset of irreversible tissue injury, or the lack of available gene delivery vectors that meet packaging requirements and adequately transduce all relevant target tissues. In contrast, ANM is paradigmatic: the pathophysiology appears to arise from a single, myofiber-selective deficiency of TNNT1, encoded by a gene that is ideally sized (1.2 kb) for inclusion into AAV vector particles (Table 3) (25, 41) . These factors argue strongly for the development of AAV vectors for the delivery of TNNT1 and their testing in the transgenic Tnnt1 p.Glu180Ter mouse model. The selection of an optimal vector expression cassette and dosing regimen in this model may justify transition of such a product to clinical testing, which would provide significant new hope for the children and families around the world afflicted with TNNT1 myopathies (7,9,10,13-16).
Materials and Methods
Human subjects
We used genealogical records, clinical data and molecular reports to collect information about 106 children of Amish ancestry, born between October 1923 and June 2017, who had the distinctive ANM phenotype. Nine families had affected children (n ¼ 18) born within the last two decades and consented in writing to a structured survey that allowed us to collect more granular information about growth, development, muscle histology and morbidity. The study was approved by the Lancaster General Hospital Institutional Review Board and all parents consented in writing to participate.
Muscle biopsies were obtained for research through the coordination of the Congenital Muscle Disease Tissue Repository (CMD-TR) and appropriated for routine histological staining [hematoxylin and eosin (H&E), Gomori trichrome, ATPase, NADH, SDH, COX and oil red O], electron microscopy, western blot and immunohistochemistry with monoclonal antibodies FA2 and CT3 (Supplementary Material, Methods). Monoclonal FA2 recognizes myosin heavy chain of Type 1 fibers (MYH7, a.k.a. MHC I; Table 1 ) and marks slow skeletal myofibers (42) . CT3 binds to both slow skeletal (TNNT1) and cardiac troponin T (TNNT2) (7, 43, 44) but in tissues of TNNT1 c.505G>T homozygotes and Tnnt1 À/À mice (which are devoid of TNNT1), selectively detects cardiac TNNT2.
Transgenic murine models
Targeted gene knockout (Tnnt1
À/À
) and site-specific knock-in (Tnnt1 c.505G>T) mice were generated as previously described (7) and muscle specimens were prepped in a manner similar to human specimens. Contractility of intact isolated quadratus femoris muscle was examined in superfused preparations as previously described (Supplementary Material, Methods) (45) . Developed twitch and tetanic forces were determined at optimal muscle length that gave the highest twitch force, and calculated by subtracting resting tension from total force. Fatigue resistance was examined using an intermittent fatigue protocol (Supplementary Material, Methods) (45) .
Statistical methods
Survival of TNNT1 c.505G>T homozygotes was studied using Kaplan-Meier curves. Pearson's correlation was used to test the relationship between date of birth and age of death. Western blot data comparing human (wild-type) control to ANM (TNNT1 c.505G>T homozygous) muscle were analyzed using one-way analysis of variance (ANOVA) with Bonferroni correction and a similar statistical paradigm was used to study muscle fatigue data.
Supplementary Material
Supplementary Material is available at HMG online. 
